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Abstract—This paper proposes a new multi-carrier system,
called orthogonal code-based block transmission (OCBT). OCBT
applies a time-spreading method with an orthogonal code to have
a block signal structure and a windowing procedure to reduce the
out-of-band (OOB) radiation. The proposed OCBT can transmit
the quadrature amplitude modulation (QAM) signals to use the
conventional multiple input multiple output techniques. Numer-
ical results show that the proposed OCBT using QAM signal
has the short burst compared to the filter-bank multi-carrier
(FBMC), the low complexity compared to FBMC and windowed
orthogonal frequency division multiplexing (W-OFDM) and also
the low OOB radiation compared to OFDM.
Index Terms—multi-carrier system, OCBT, FBMC, orthogonal
code, block transmission, burst transmission.
I. INTRODUCTION
A large number of multi-carrier schemes are available for
broadband wireless communication systems. Among them,
orthogonal frequency division multiplexing (OFDM) has been
selected as a wireless transmission technology in 4G commu-
nication [1]. However, OFDM requires a cyclic prefix (CP) in
multi-path channel and a sufficient guard band in the frequency
domain due to the high out-of-band (OOB) radiation [2].
To enhance the spectral efficiency of the conventional CP-
OFDM which requires the CP and the sufficient guard band,
M.Bellanger proposed filter bank multi-carrier (FBMC) [3].
In order to reduce the OOB radiation, FBMC filters each
sub-carrier signal individually with prototype filters which are
well-localized in the frequency and time domains. Therefore
FBMC has the reduced guard band and does not need the CP.
However, FBMC still has the long burst due to the transition
time caused by the overlap and sum structure. In addition,
FBMC has to use offset quadrature amplitude modulation
(OQAM) to avoid the intrinsic interference [4]. Therefore, it
is difficult for FBMC to use the conventional QAM based
multiple input multiple output (MIMO) techniques [5].
As an approach to solving the problems that FBMC has the
long burst and difficulties in applying the conventional QAM
based MIMO techniques, we propose a new multi-carrier
system, orthogonal code-based block transmission (OCBT).
In OCBT, we use a time-spreading method and divide the
spread symbols in the orthogonal code domain. Then, we can
overlap the spread symbols without being staggered, making
the signal a block structure and transmitting a QAM signal.
Also, we apply the windowing procedure to reduce the OOB
radiation.
II. OCBT TRANSCEIVER DESIGN
A. Transmitter
In this section, we will introduce the proposed OCBT shown
in Fig. 1(a) by comparing it with the conventional poly-phase
network (PPN)-FBMC shown in Fig. 1(b) [6].
The block structure of OCBT consists of N symbols
(N ≤ K, K is the spreading factor) and each symbol has
M sub-carriers. The transmitted OCBT signal s(pTs) can be
expressed as [4]
s(pTs) =
∞∑
i=−∞
si(pTs − iKT ), (1)
where p and Ts are the sample index and the sample time,
respectively. si(pTs) is the transmitted block signal in the i-th
signaling time of length KT , where T =MTs.
Here, we consider the generation of the i-th block signal
si(pTs), as shown in Fig. 1(a). Let us denote the n-th QAM
data on the m-th sub-carrier in the i-th signaling time as aim,n
(n = 1, 2, ..., N , m = 1, 2, ...,M ) which is the element of
the data vector an. As depicted in Fig. 1(a), aim,n in OCBT
passes through the inverse FFT (IFFT) without separation of
the real and the imaginary parts, compared to FBMC where
the real and imaginary parts of aim,n pass through the IFFT
separately, as shown in Fig. 1(b). After the IFFT, we use
the time-spreading method by orthogonal code. For the time-
spreading, we begin by repeating the IFFT outputs K times,
similarly to the approach with PPN-FBMC. Let us call the
M -point IFFT output a sub-block. The result of repeating
sub-block K times is defined as a symbol xin(pTs), which is
element of the vector xn. The n-th symbol vector xn, which
consists of the K sub-blocks, is then written as
xn
∆
= [xn,0, xn,1, ..., xn,KM−1]T
= RWHMan,
(2)
where xn,p is the p-th sample in the symbol xin(pTs). W
H
M is
the M×M inverse FFT (IFFT) matrix which is the Hermitian
of the FFT matrix and R is the KM×M repetition matrix
defined as
R = [IM , IM , · · · IM ]T , (3)
where IM is the M × M identity matrix and {·}T is the
transpose of {·}.
Then, we overlap the N symbols xin(pTs) of length KT to
prevent the spectral efficiency from being degraded by repeti-
tion. Unlike FBMC which has the transition time caused by the
overlap and sum structure using the orthogonal characteristic
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2of prototype filter g(pTs) [3], OCBT uses the orthogonal codes
cn(pTs), represented by the KM ×KM diagonal matrix Cn,
to overlap the symbols completely without transition time.
After the symbols xin(pTs) are multiplied by the orthogonal
codes, N spread signals cn(pTs− iKT )xin(pTs) are added to
make a block structure with the normalization.
The N orthogonal codes cn(pTs) are made with the cor-
responding K-point orthogonal code sequences cn,k (k =
0, 1, ...,K − 1) which satisfy the orthogonal condition as
K−1∑
k=0
cn,kcl,k =
{
K
0
n = l
n 6= l . (4)
We define non-zero elements of cn(pTs) = cn,bp/Mc in
[0,KT ], where b·c is a floor function. In other words, multi-
plying xin(pTs) by cn(pTs − iKT ) means that the k-th sub-
blocks of xin(pTs) are multiplied by cn,k. In this paper, we
use the Walsh code as an example of the orthogonal code.
The signal is then transmitted after being multiplied by the
window f(pTs), represented by KM ×KM diagonal matrix
F, to reduce the side-lobe level of the frequency response such
as Windowed-OFDM (W-OFDM) [7]. In f(pTs) where non-
zero elements are defined in [0,KT ], a window fp of length T
is repeated K times to maintain the repetition structure of the
spread signal and satisfy the code orthogonality. Finally, the
transmitted signal in the i-th signaling time si can be written
as [8]
si
∆
= [si,0, si,1, ..., si,KM−1]
T
= 1√
N
F
N∑
n=1
Cnxn
= 1√
N
F
N∑
n=1
CnRW
H
Man,
(5)
where si,p denotes the p-th sample in the i-th block signal
si(pTs).
B. Receiver
The receiver for OCBT is depicted in Fig. 1(a). The received
signal y(pTs) consists of the convolution of the impulse
response of the channel h(pTs) and the transmitted signal
s(pTs) in (1) and the noise η(pTs) as
y(pTs) = h(pTs) ∗ s(pTs) + η(pTs). (6)
Let us denote the received signal y(pTs) in the i-th signaling
time as yi(pTs). yi(pTs) consists of the i-th block transmission
signal and the (i−1) block transmission signal because of the
channel effect. A vector yi whose elements are KM samples
of yi(pTs) can then be obtained as [9]
yi = hisi + hi−1si−1 + η, (7)
where η is the noise vector. hi denotes the KM×KM
lower triangular Toeplitz matrix with [h(0 · Ts), ..., h((G −
1) · Ts), 0, ..., 0]T in the first column, and hi−1 de-
notes the KM×KM upper triangular Toeplitz matrix with
[0, ..., 0, h((G − 1) · Ts), ..., h(1 · Ts)] in the first row where
the channel coefficient h(pTs) has the G taps.
Firstly, the received signal is equalized in the frequency do-
main to cancel the channel effect. After channel equalization,
the received signal in the time domain is expressed as
y˜i =W
H
KMHEQWKMyi = si + h˜i−1si−1 + η˜, (8)
where WKM and WHKM are the KM ×KM FFT and IFFT
matrix, respectively. HEQ is a KM×KM equalization matrix
in [10] using the frequency response of the channel such
as zero forcing and minimum mean square error (MMSE)
equalizers. h˜i−1 and η˜ are the modified hi−1 and η after
the channel equalization, respectively.
Then, to de-spread the data al among the N symbols, the
received signal after channel equalization y˜i is multiplied by
the corresponding code Cl. The data al can be recovered by
summing the K spread sub-blocks and performing the M -
point FFT reversing the transmission process in (5). In de-
spreading,
√
N
K has to be multiplied for normalization. From
(a) OCBT transceiver (b) PPN-FBMC transceiver
Fig. 1. OCBT and FBMC transceivers.
3(5) and (8), the recovered data âl for al can be obtained as
follows:
âl =WM
√
N
K R
TCly˜i
=WM
√
N
K R
TCl
(
si + h˜i−1si−1 + η˜
)
=WM
√
N
K R
TClsi + IBI +N
=WM
√
N
K R
TCl
(
1√
N
F
N∑
n=1
CnRW
H
Man
)
+ IBI +N,
(9)
where RT is a M×KM matrix which sums the K spread
sub-blocks. Inter-block interference (IBI) is the interference
received in one symbol from the previous block, and N
denotes the modified noise vector after de-spreading.
III. PERFORMANCE ANALYSIS
In this section, we analyze the performances of OCBT
structure with the matrix model.
A. ISI-free Structure
As mentioned in Section II-A, the window fp of length T
is K times repeated in the window f(pTs) to maintain the
repeated structure of the spread signal and satisfy the code
orthogonality. That is, the window matrix F in (9), whose
diagonal elements are f(pTs), also has K times repeated
diagonal elements fp, so F does not destroy the orthogonality
between the code matrices. Thus, RTClFCnR in (9) equals(
K−1∑
k=0
cl,kcn,k
)
FM which is 0 if n 6= l from (4), where
FM is a diagonal matrix whose diagonal elements are M
samples of fp. As a result, the other (N − 1) data an
(n = 1, 2, ..., N, n 6= l) are cancelled, and the recovered data
in (9) can be written as
âl =WMFMW
H
Mal + IBI +N. (10)
In other words, the orthogonal code in OCBT makes no inter-
symbol interference (ISI) from the overlapped symbols in the
same block.
B. IBI Reduction
After channel equalization, the interference from the previ-
ous block in (8) is expressed as
h˜i−1si−1 =
([
Ti−1,1 
T
i−1,2 · · · Ti−1,K
]T)
KM×1
,
(11)
where i−1,k having M elements is the k-th sub-block vector
of the interference from the (i − 1)-th block after channel
equalization. From triangle inequality, the interference power
after de-spreading in (9) is reduced as∥∥∥√NK RTClh˜i−1si−1∥∥∥2
=
∥∥∥√NK (i−1,1 ± i−1,2 ± · · · ± i−1,K)∥∥∥2
≤
(√
N
K (‖i−1,1‖+ ‖i−1,2‖ · · ·+ ‖i−1,K‖)
)2
≤ NK2
(
‖i−1,1‖2 + ‖i−1,2‖2 · · ·+ ‖i−1,K‖2
)
= NK2
∥∥∥h˜i−1si−1∥∥∥2.
(12)
If the time-spreading method is not applied (K = 1, N = 1),
the interference is spread in one symbol after de-spreading in
the receiver. In OCBT, however, the interference is spread to
N symbols in K sub-blocks after de-spreading. Thus, from
(12), the power of the interference received by one symbol,
that is IBI, is reduced by N/K2 times or more. Moreover,
as K increases, the interference is spread to more sub-blocks,
thus reducing the IBI even more. Therefore, OCBT can be
robust for multi-path channels even without adding overhead.
C. SINR Analysis
WMFMW
H
M in (10) is not equal to IM , and the (u, v)-th
element of it is expressed as(
WMFMW
H
M
)
uv
=
(
1
M
M−1∑
p=0
fp+1ω
(u−v)p
)
, (13)
where ω = e−j
2pi
M . Thus, windowing makes the inter-carrier
interference (ICI). From (10) and (13), we obtain the received
data âl on the m-th sub-carrier as follows:
âm,l
=
1
M
M−1∑
p=0
fp+1am,l
︸ ︷︷ ︸
E[fp]am,l
+
1
M
M∑
m′=1
m′ 6=m
M−1∑
p=0
fp+1ω
(m−m′)pam′,l
︸ ︷︷ ︸
ICIm,l
+IBIm,l +Nm,l,
(14)
where am,l and am′,l are the data al on the m-th and m′-
th sub-carrier, and ICIm,l, IBIm,l and Nm,l are the ICI, IBI
and noise of the l-th data on the m-th sub-carrier, respectively.
From (14), the data in each sub-carrier is received as a sum
of the desired data which decreases to the average value of
the window fp, ICI from the other M − 1 sub-carriers, IBI
from the previous block and noise. Consequently, the signal
to interference plus noise ratio (SINR) is expressed as
SINR =
E2 [fp]Ps
ICI + IBI + PN
, (15)
where Ps and PN denote the power of the signal and the noise,
respectively.
The window can reduce the OOB radiation [7], however,
the received symbol can be distorted due to the ICI caused by
windowing as (14). In [11], the window even experiences a
trade-off between frequency confinement and signal distortion
caused by ICI. In other words, the window can be a factor in
determining the performance of OCBT. Thus, in Section IV,
we will use an eclectic filter that is selected with this trade-off
in mind.
IV. PERFORMANCE EVALUATION
In this section, we compare the performances of OCBT
with FBMC, CP-OFDM and W-OFDM in terms of the time
efficiency, computational complexity, power spectral density
(PSD) and bit error rate (BER). We set the number of sub-
carriers M , the spreading and overlapping factor K and CP to
1024, 4 and M/4 = 64, respectively. In the PSD performance,
we especially set M to 64 to show the OOB radiation better.
4In OCBT and W-OFDM, we use one window consistently
for each system to ensure the fair comparisons. We use a raised
cosine filter at both ends of the window fp for OCBT that is
sampled at L2 samples/symbol with a roll-off factor (β) 0.1
and truncated to span 2 symbols. Considering the trade-off
between the frequency confinement and the signal distortion
of the window, we set the proportion of L to M as 324/1024.
The window f(pTs) used here is depicted in Fig. 2.
Then, we use the raised cosine window for W-OFDM
described in [7] that extends the CP to achieve the same
resistance to ISI as CP-OFDM and uses an additional cyclic
suffix (CS). Let us denote the CP of W-OFDM as CPW. Both
CPW and CS include the roll-off region which is overlapped
with adjacent symbols with the same length W . Specifically,
we set CPW = 32CP , CS =
1
2CPW and W =
1
3CPW ,
where CP , CPW and CS denote the length of the CP, CPW
and CS, respectively.
A. Time Efficiency
We evaluated the time efficiency of OCBT and compared
it with the time efficiency of the other multi-carrier systems.
The time efficiency [8] is defined as follows:
rT =
LI
LI + LT
, (16)
where LI is the length of the transmitted information and LT is
the length of the tail. LI is same as MN for all of the systems
because we can select K for OCBT according to N , where N
multi-carrier symbols are transmitted with M samples in each
symbol. The length of the tails that make up the overhead are
then described as
LT,OCBT = 0,
LT,CP−OFDM = (CP )N,
LT,FBMC =
M
2 + (K − 1)M,
LT,W−OFDM = (CPW + CS −W )N +W.
(17)
Fig. 2. Window for OCBT using a raised cosine filter with β = 0.1.
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Fig. 3. Time efficiency where M = 1024, K = 4, CP =M/4.
The time efficiency rT of the multi-carrier systems with N
symbols is shown in Fig. 3. The time efficiency for OCBT
is 1, no matter how many symbols are transmitted, because
OCBT does not need any tails, thanks to the time-spreading
method with the orthogonal code. On the other hand, the
time efficiency of the other systems cannot reach 1 due
to the overhead such as prefix, suffix and transition time.
In particular, FBMC has the inferior time efficiency when
transmitting the small number of symbols, because LT,FBMC
in (17) is fixed regardless of N .
As shown in the Fig. 3, OCBT has 25% higher time
efficiency than CP-OFDM and up to 350% higher time
efficiency than FBMC when one symbol is transmitted. In
conclusion, OCBT is an outstanding candidate for improving
time efficiency for future communication systems that require
low overhead.
B. Power Spectral Density
Fig. 4 shows the PSD for the multi-carrier systems. We used
M/2 active sub-carriers to see the radiation outside the active
sub-carriers. The results show that FBMC outperforms the
other schemes significantly because the prototype filter reduces
the side-lobe level [12]. However, similarly to W-OFDM,
OCBT also has the low OOB radiation with about a 30dB
benefit compared to CP-OFDM, because windowing enhances
the frequency localization effectively. Thus, OCBT reduces the
required guard band so helping improve the spectral efficiency.
C. Computational Complexity
We also investigate the complexity through the number of
complex multiplications (CMs) required for the generation of
one symbol of the multi-carrier systems as [13].
For the simple generation of one block of OCBT, N sym-
bols after M -point IFFT are first windowed by fp, and then
each windowed sub-block is added or subtracted according
to the corresponding codes. Thus, OCBT needs additionally
NM CMs for one block only in windowing compared to
OFDM, that is M CMs for one symbol. The number of CMs
of the other multi-carrier systems are summarized in Table I.
Compared to FBMC and W-OFDM, OCBT has much lower
complexity.
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Fig. 4. PSD where M = 64, M/2 active sub-carriers, K = 4, L = 20,
CP =M/4.
5TABLE I
COMPUTATIONAL COMPLEXITY
Multi-carrier system
Complexity expressions
where M=1024, K=4, CP=M /4
OFDM M
2
log2M = 5120
FBMC M
2
log2M + (K + 1)M = 10240
W-OFDM M
2
log2M + (M + CPw + CS) = 6720
OCBT M
2
log2M +M = 6144
D. Bit Error Rate
Let us consider the QPSK modulation except FBMC which
uses OQAM and ITU-R vehicular-A channel model [14] with
2GHz center frequency, 30.72 MHz sampling frequency and
30km/h vehicular velocity. The multi-carrier systems including
OCBT use the MMSE equalizer [10] in the frequency domain.
The BERs for OCBT, CP-OFDM, FBMC and W-OFDM
are shown in Fig. 5. As mentioned in (14) in Section III, the
received symbols of OCBT are distorted because of attenuation
and ICI by the window. However, the BER degradation is a
little because the IBI is reduced by the block structure with the
time-spreading method even without the overhead. The OCBT
has the BER performance degradation, however, unlike FBMC
[15], OCBT does not have an error floor in the high signal-
to-noise ratio region as shown in Fig. 5.
V. CONCLUSIONS
In this paper, we proposed a new multi-carrier system,
OCBT, and compared the performances of OCBT with CP-
OFDM, FBMC, and W-OFDM. Comparisons with the other
systems show that OCBT is robust to multi-path channels
with higher time efficiency and lower computational complex-
ity than FBMC because the block structure with the time-
spreading method reduces the IBI. In addition, OCBT has
about 30dB lower OOB radiation than CP-OFDM thanks to
windowing. The OCBT can use QAM signal unlike FBMC, so
it is easily applicable to the conventional QAM based MIMO
techniques. Thus, OCBT, which can apply burst transmission
more efficiently and apply QAM-based MIMO techniques
more easily compared to FBMC, is the better choice for future
communication systems.
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Fig. 5. BER where M = 1024, K = 4, L = 324, CP =M/4.
Topics for future works include investigating the optimal
window in terms of both the low OOB radiation and little
signal distortion for OCBT.
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